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NATIONAL AE80NAUTICS AND SPACE ADMINISTRATION 

TECHNICAL MEMOFWDUM x-162 

THE AEROIXNAMIC CHARACTERISTICS OF SEVERAL THICK 

D W A  WINGS AT MACH NUMBERS TO 6 AND 

ANGLES OF ATTACK TO 50°* 

Bv John B. McDevitt and John V. Rakich 

An experimental investigation of t he  aerodynamic charac te r i s t ics  of 
several  thick de l ta  wings has been made t o  provide basic information t h a t  
may be useful i n  the  design of vehicles employing high angles of a t tack 
t o  produce high l i f t  and high drag during atmosphere entry. 

The models tes ted  consisted of a sharp e l l i p t i c  cone, two  blunt 
e l l i p t i c  cones, and a f la t -s ided body having essent ia l ly  diamond-shaped 
cross sections. 
angles of a t tack up t o  50°, and angles of s ides l ip  from -4' t o  +4O. In 
addition t o  t e s t s  of the  basic body shapes, various trailing-edge and 
t i p  controls were tes ted  on two of the basic shapes. 

The t e s t s  were conducted at Mach numbers from 0.6 t o  6, 

Convenient relationships f o r  use i n  the  application of impact theory 
t o  a rb i t ra ry  body shapes a re  presented and these relationships were used 
t o  estimate the  aerodynamic character is t ics  of several  of the models at  
hypersonic speeds. The estimated character is t ics  were found t o  compare 
favorably with experiment at a Mach number of 5 .  

The general problem of longitudinal s t a b i l i t y  and control of hyper- 
sonic g l iders  at high angles of attack is  a l s o  discussed. 

INTRODUCTION 

The motion and heating of various types of atmosphere-entry vehicles 
have been studied i n  considerable d e t a i l  i n  recent years (see,  e.g., 
r e f s .  1 t o  5 ) .  It has been shown t h a t  lift i s  of great advantage i n  
reducing m a x i m u m  heating ra tes ,  thus allowing f o r  substant ia l  radiat ion 
cooling, while high drag i s  u s e m  f o r  slowing down the  vehicle a t  high 
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a l t i tudes ,  thus tending t o  reduce the  t o t a l  heat load. 
it i s  therefore  desired t o  have high drag coupled with high lift, a condi- 
t i o n  which r e su l t s  i n  r e l a t ive ly  low l i f t -d rag  r a t i o s .  If, however, 

then f a i r l y  la rge  l i f t -d rag  r a t i o s  w i l l  be required a t  low speeds. 
order t o  meet these contradictory requirements Eggers ( re f .  3 )  suggested 
the  use of the  r e l a t ive ly  slender configuration which achieves effect ive 
bluntness during re-entry by employing high angles of a t tack.  

A t  high speeds - 

adequate low-speed performance f o r  maneuvering and landing i s  specified,  I 
I n  

The present research study was i n i t i a t e d  t o  provide, from experi- 
mental t e s t s ,  basic  information of a general nature which would be useful 
i n  the  design of re-entry gl ide vehicles.  The present report  presents 
t he  experimental r e su l t s  obtained from tests at  low speeds and a t  high 
speeds of a se r i e s  of four th ick  delta-plan-form wings or bodies. 
study o f  t he  aerodynamic charac te r i s t ics  of similar configurations a t  
l o w  angles of a t tack  and supersonic speeds has been made by Jorgensen 
( r e f .  6 ) .  
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Some information i s  a l s o  presented regarding t h e  effectiveness of 
various control  surfaces at high speeds, pa r t i cu la r ly  with regard t o  
trail ing-edge controls .  
ing forces,  moments, and lateral  s t a b i l i t y  der ivat ives  a t  hypersonic 
speeds is also discussed and comparisons between estimated and experi- 
mental values a re  presented. 
application of impact theory t o  a rb i t r a ry  body shapes are presented, and 
t h e  general problem of longi tudinal  s t a b i l i t y  and control  of hypersonic 
g l iders  a t  large angles of a t tack  i s  discussed. 

The use of Newtonian impact theory f o r  estimat- 

Convenient re la t ionships  for use i n  the  

NOTATION 

The primary symbols used i n  t h e  main body of t h i s  report  a re  defined 
as follows (see a l so  f i g s .  1 and 2) :  

a thickness of  model a t  base 

A aspect r a t i o  

*b base area 

b width of model a t  base (span) 

CA 

CD 

a x i a l  force axial-force coeff ic ient  ( includes base drag) ,  
%as 

drag drag coeff ic ient  ( includes base drag) ,  - 
%S 

b’ 
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ro l l i ng  moment rolling-moment coefficient,  

l i f t  l i f t  coeff ic ient ,  - 
(30s 

pitching moment pitching-moment coefficient,  
%os1 1 

yawing moment yawing-moment coeff ic ient ,  
%os 

normal force normal-force coeff ic ient ,  
%os 

pressure coeff ic ient  

s ide force side-force coeff ic ient ,  
&os 

body length 

body length before blunting (see f i g s .  1 and 2) 

l i f t - d r a g  r a t i o ,  - CL 
CD 

free-stream Mach number 

free-stream dynamic pressure 

surface area 

plan-form area 

Cartesian coordinate system (see f i g .  1) 

center of pressure i n  pi tch (eq. (1)) 

center of pressure i n  s idesl ip  (eq. ( 2 ) )  

angle of a t tack,  deg 

angle of s ides l ip ,  deg 

trail ing-edge control deflection angle (posi t ive when deflected 
. 

downward, f i g .  5 ( a ) ) ,  deg 

angle of rotat ion f o r  t i p  controls ( f i g .  5 ( b ) ) ,  deg 
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h r a t i o  of major t o  minor axes of e l l i p t i c  cross sections 

C&,C&, derivatives with respect t o  angle of a t tack  a, per deg 
(except where noted) 

der ivat ives  with respect t o  s ides l ip  angle P ,  evaluated 
at P = 0, per deg (except where noted) 

QP 

Sub sc r ip t s  

b 

C 

body base 

control  

APPARATUS AND MODELS 

Wind Tunnels and Equipment 

The tes ts  were conducted i n  the  Ames 2- by 2-foot transonic wind 
tunnel a t  Mach numbers from 0.6 t o  1.3, and i n  the  Ames 10- by 14-inch 
supersonic wind tunnel at Mach numbers from 3 t o  6. Detailed descrip- 
t i ons  of these f a c i l i t i e s  a re  presented i n  references 7 and 8. 
aerodynamic forces  and moments were measured with a six-component s t ra in-  
gage balance incorporated i n  the  model support system. A strain-gage 
pressure c e l l ,  connected t o  a s ta t ic-pressure o r i f i c e  within the  balance, 
w a s  used t o  measure base pressures f o r  each model and, i n  the  case of 
one of the models, a strain-gage pressure c e l l  was  used t o  measure the  
s t a t i c  pressure on t h e  upper surface of t h e  model. 

The 

Models 

Basic body shapes.- Sketches of t h e  four  basic  models and the  
pertinent geometric propert ies  of each model are presented i n  f igure  2. 
The cross sections f o r  models 1, 2, and 3 a re  e l l i p t i c a l  i n  a l l  planes 
normal t o  t h e  longi tudinal  reference axes. Model 1 i s  a sharp e l l i p t i c  
cone f o r  which t h e  r a t i o  of major t o  minor axes (designated by 
the  e l l i p t i c  cross sect ions is  equal t o  2. 

h )  of 

Models 2 and 3 w i l l  be re fer red  t o  as %blunt e l l i p t i c  cones." The 
r a t i o  of major t o  minor axes of t he  e l l i p t i c  cross  sect ions f o r  these 
models i s  equal t o  2 and 3, respectively.  I n  each case t h e  blunt nose 
sections were obtained by modifying the  forward half of sharp e l l i p t i c  
cones. The parabolic nose sect ions i n  plan and s ide  views are tangent 
t o  the  s t ra ight - l ine  af terport ions at t h e  midpoint of t h e  body length 
before modification. 
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Model 4 is  essent ia l ly  a flat-sided, symmetrical body, modified t o  
have rounded leading edges and incorporating a small hemispherical nose 
section. The cross section shapes vary from c i r cu la r  at the  base of the  
nose section t o  diamond at the base. 

Each model was constructed i n  two sizes (see tabulated d u e s  in 
f i g .  2 ) .  
t o  approximately 20°, and the  smaller models were used f o r  angles of 
a t tack greater  than 20°. 
s t ing  combination so t h a t  t he  models were at an angle of a t tack r e l a t ive  
t o  the  balance. This type of mounting necessitated, f o r  some cases, t he  
addition of a small protuberance on the  aft upper surface of the  model 
(see photographs of f i g .  3).  In  order t o  evaluate the  e f f ec t s  of the  
protrusions, upper surface pressure coeff ic ients  w e r e  measured near t he  
aft end of the  s m a l l  version of model 2 (see f i g .  2 ( b ) ) .  The r e su l t s  
are presented i n  f igure 4 together with curves showing the  measured base- 
pressure coefficient and empirical base-pressure coeff ic ient  -1/k2. 
It i s  evident t ha t ,  for large angles of a t tack,  t he  upper surface pres- 
sures a re  not only small but actually,  in some cases, l e s s  than those 
measured at the model base. Thus, it is believed t h a t  the  protrusions 
did not appreciably a f fec t  t he  measured forces and moments at  the  la rge  
angles of a t tack (greater  than about 30°) and high Mach numbers (greater 
than 3) f o r  which these models were used. 

The la rge  versions were used for tests at angles of a t tack up 

The s m a l l  models were mounted on the  balance- 

Boundary-layer t r i p s ,  formed by cementing carborundum g r i t s  t o  the  
nose portion of each model, were used in  the  tests at Mach numbers from 
0.6 t o  1.3 i n  order t o  ensure a turbulent boundary layer.  
w a s  made t o  fix t r ans i t i on  f o r  t he  t e s t s  at  high speeds. 

No attempt 

Controls.- A se r i e s  of three s m a l l ,  f la t  trail ing-edge controls 
were used in conjunction with model 2 ( f i g .  5(a)) and two similar controls 
were used with model 4 ( f i g .  5 ( b ) ) .  
t he  lower edge of the  base of the models. 
6, i s  defined t o  be zero when the  controls a re  normal t o  the  body base 
and posi t ive when deflected downward in to  the  air stream. 

The controls were attached along 
"he control deflection angle, 

Two rotatable  t i p  controls (rotavons), mounted a t  the  t i p s  of 
model 4 as shown i n  f igure 5 (b ) ,  were a lso tes ted .  
f o r  the  controls run para l l e l  t o  the  body leading edges and the  angle 
of ro ta t ion  is  designated by 8 (posit ive when the  control is  rotated 
upward). 

The axes of ro ta t ion  

An additional study involved the use o f ' a n  upper surface ve r t i ca l  
s t a b i l i z e r  (dorsal  fin) mounted on model 4 as shown i n  figure 5 ( c ) .  
This fixed, ve r t i ca l  s t a b i l i z e r  was tes ted  i n  order t o  provide some 
information at  high speeds regarding the effectiveness of upper surface 
s t a b i l i z e r s  i n  the shadow of the body a t  angle of attack. 
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TESTS AND PROCEDURE 

i 
Range of Test Variables 

The tests a t  high speeds were conducted at free-stream Mach numbers 
of 3 through 6, and at angles of a t tack  up t o  50'. 
speeds were conducted at Mach numbers of 0.6 through 1.3, and at angles 
of attack up t o  20'. 
obtained by t e s t i n g  through a range o f  s ides l ip  angles from -4' t o  +4O 
at  several angles of a t tack  f o r  each of t he  tes t  Mach numbers from 0.6 
t o  6. The wind-tunnel t e s t  conditions and the  corresponding Reynolds 
numbers per foot  a r e  tabulated below: 

The t e s t s  a t  low 

The d i rec t iona l  and l a t e r a l  s t a b i l i t y  data  were 

Mach number, 
M, 

0.6 
-9  

1 .o 
1.1 
1.3 
3.0 
4.0 
5 -0 
6 .o 

Total pressure, 
p s i a  

1.1.2 
8.9 
8 -6  
8.5 
8.4 

15 t o  30" 
85 
87 
87 

Total temperature, 
O F  

Reynolds number, 

2.7X106 

I 2.7x106 
2.7~106 
2.7~10~ 
2.7~106 

8.9~106 
3.8~106 
l.gxl06 

2.6 t o  5.1x106 

L 

?Pot& pressure w a s  reduced at la rge  angles of a t tack  (above 20') so 
as not t o  exceed balance load l imi ta t ions .  

Reduction of Data 

The force and moment data  were reduced t o  standard coef f ic ien t  form. 
The l i f t  and drag coef f ic ien ts  a r e  re fer red  t o  t h e  wind axes while t h e  
remaining coef f ic ien ts  a re  re fer red  t o  body axes as shown i n  f igure  1. 
A common moment reference center  with regard t o  t h e  reference length 
w a s  chosen as indicated i n  f igure  1. 

22 

The experimental data  presented i n  t h i s  report  include t h e  e f fec ts  
of  base pressure. Interference e f f e c t s  between model and model support 
system are known t o  be negligibly s m a l l  at high speeds. 
t h e  interference e f f ec t s  a re  believed t o  be s m a l l  s ince t h e  r a t i o  of 
support s t ing  area t o  model base a rea  i s  s m a l l .  

A t  low speeds 

The d i rec t iona l  and l a t e r a l  data  were p lo t t ed  r e l a t i v e  t o  s ides l ip  b 
angle, P ,  and the  der ivat ives  CY,, Cnp, and c2 were evaluated from the  

P 
d 
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Tests 

Low speed 
High speed 
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Pitching- Lateral  s t a b i l i t y  derivatives Force 
coeff ic ients  moment 

coefficients CYjJdeg CnjJdeg CzjJdeg 

m.01 10.005 +0.0002 kO.OoO2 -+0.0001 
2.02 k.01 2 . m  +.ooo5 * .om2 

plo ts .  
range of s ides l ip  angies,only the  derivatives are presented and discussed 
herein. 

Because the  t e s t  r e s u l t s  were essent ia l ly  linear within the  k 4 O  

Accuracy of T e s t  Results 

The accuracy of t he  test  results was influenced by uncertaint ies  in 
the  measurements of forces and moments and i n  t h e  determination of stream 
s t a t i c  and dynamic pressures and angles of  a t tack  and s ides l ip .  These 
uncertaint ies  resul ted in estimated maximum er rors  i n  the  test  results 
as shown i n  the  following table:  

It should be noted tha t ,  fo r  t he  most par t ,  t h e  t e s t  results 
presented herein a re  in e r ro r  by l e s s  than these estimates. 

RESULTS AND DISCUSSION 

The experimental r e su l t s  obtained from low-speed t e s t s  of t he  four 

Next, a comparison of models and a discussion 
basic  body shapes are presented f i r s t  and are followed by the  r e su l t s  
obtained at  high speeds. 
of Mach number e f f ec t s  a re  presented; and f ina l ly ,  t he  results of the  
ra ther  l imited control surface study a t  high speeds a re  presented. 

Low-Speed Characterist ics 

The experimental r e su l t s  at low speeds, obtained frm t e s t s  of the  
four basic  body shapes at Mach numbers from 0.6 t o  1.3, are presented i n  
f igures  6 t o  9. Representative values of t he  measured base-pressure 
coef f ic ien ts  are tabulated i n  t ab le  I and representative values of t h e  
measured centers of pressure i n  pi tch and s ides l ip  a re  tabulated i n  
t ab le  11. 
with respect t o  length 

The cehters of pressure i n  p i tch  and s ides l ip  (normalized 
Z2, see f ig s .  1 and 2) a re  defined a s  follows: 
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High-speed Character is t ics  

The experimental r e su l t s  obtained a t  Mach numbers from 3 t o  6 f o r  
t he  four basic body shapes a re  presented i n  f igures  10 through 13. 
large angles of  a t tack ,  data were obtained only f o r  Mach numbers of 3 
and 5 .) 
and the base axial-force coeff ic ient  are presented i n  t ab le  111. Also 
presented i n  t h i s  t ab le  a re  estimated values f o r  t h e  axial-force coef- 
f i c i en t .  
coeff ic ient  was equal t o  -1/%2. 

( A t  

Representative values of t he  measured base-pressure coef f ic ien t  

These values were based on t h e  assumption t h a t  t h e  pressure 

In f igures  10 through 13  t h e  experimental r e s u l t s  f o r  a Mach number 
of 5 are compared with estimated values obtained by appl icat ion of 
Newtonian impact theory together with an estimated sk in- f r ic t ion  drag 
coeff ic ient  of 0.008 and an estimated base drag coef f ic ien t  equivalent 
t o  a base-pressure coef f ic ien t  of 
as used here (see appendix A ) ,  t he  pressure coef f ic ien t  on all forward- 
facing surfaces i s  assumed t o  vary as 

-l/Q2. I n  the  simple impact theory, 
I 

cP = 2 sin2& (3) 

where 6 i s  the  loca l  angle o f  inc l ina t ion  of t h e  surface r e l a t i v e  t o  
the  wind. 

Mach Number Effects  and Comparison of Models 

Various cross p lo t s  of t he  data,  i l l u s t r a t i n g ,  i n  pa r t i cu la r ,  Mach 
number effects ,  a re  presented i n  f igures  14 through 16. 

A comparison of  t he  ze ro - l i f t  drag coef f ic ien ts  and t h e  correspond- 
ing base-drag coeff ic ients  i s  presented i n  f igure  1 4  and a d i r ec t  compari- 
son of the zero- l i f t  drag coef f ic ien ts  f o r  t h e  various models i s  presented 
i n  fiwre 15(a).  
i s  increased from 5 t o  6 i s  not fu l ly  understood. 
f r i c t i o n  drag ( the  t e s t  Reynolds number per  foot  decreases f rom 3.8~10~ 
t o  1.gXlO') accounts f o r  l e s s  than 50 percent of t h i s  increase.  

The increase i n  drag which occurs as t h e  Mach number 
The increase i n  skin- 



A t  hypersonic speeds (Mach numbers greater than about 6) the  base 
A t  low speeds, however, the base drag const i tutes  drag i s  negligible.  

bodies had nearly the  same value of base-pressure coeff ic ient  at any 
U the major portion of the drag. It i s  in te res t ing  t o  note t h a t  a l l  four 

I given Mach number (see tab les  I and 111). 

The l i f t -curve slope, measured at  a = 0, i s  presented i n  f ig -  
ure 15(b). 
close t o  the  same values of l i f t -curve  slope except a t  near-sonic Mach 
numbers. It i s  instruct ive t o  compare the present r e su l t s  with the  
theore t ica l  r e su l t  of R .  T. Jones ( r e f .  9) 

The Mach number e f fec t  i s  s m a l l  and all four models have 

9 

A 
2 

- = -  d c ~  I[ A , per radian 
d a 2  

5 
9 which i s  applicable a t  subsonic and supersonic speeds fo r  slender wings 

of very low aspect r a t i o  and f o r  wings of moderate aspect r a t i o  at near- 
sonic speeds. 
(based on plan-form area) of approximately 1.07, while models 2 and 3 
have aspect r a t i o s  of approximately 1.17. 
curve slopes a re  not too different  from t h e  idealized values, a r e su l t  
which i s  somewhat surprising since t h e  streamwise shapes of these con- 
f igurat ions bear l i t t l e  resemblance t o  conventional a i r f o i l  p ro f i l e s .  

I n  the present case models 1 and 4 have aspect r a t io s  

The measured values of l i f t -  

- 
The var ia t ions of maximum l i f t - d r a g  r a t io s  with Mach number a re  

(Values are not presented f o r  model 1 at . presented i n  f igure l 5 ( c ) .  
l o w  speeds since the maximum l i f t -d rag  r a t io s  f o r  t h i s  model were not 
reached i n  t h e  t e s t s . )  
r a t io s  f o r  t he  various configurations vary inversely with the  r a t i o  of 
base area t o  plan-form area throughout t h e  speed range since t h i s  r a t i o  
i s  a qua l i ta t ive  measure of the  over-all  slenderness and, hence, is  
indicat ive of t he  wave drag t o  be expected as well as the base drag. 
The low aerodynamic efficiency a t  subsonic speeds is, of course, the  
d i rec t  consequence of the extremely large base drags. 

As  could be expected, the maximum l i f t - d r a g  

The var ia t ions of the l a t e r a l  s t a b i l i t y  der ivat ives  with Mach num- 
ber  f o r  several  angles of a t tack  are presented i n  f igure  16. The decrease 
i n  C as  the  Mach number i s  decreased is t h e  result of a forward t r a v e l  
i n  the  locat ion of the center of pressure i n  s ides l ip  (see tab les  I1 
and I V )  and a decrease i n  side-force der ivat ive Cyp. The quantity Czg 
was found t o  be considerably more negative a t  low speeds than at 
supersonic speeds. 

I -  Control Studies 

I 
c Various horizontal and ve r t i ca l  cont ro l  surfaces were t e s t ed  i n  

conjunction with models 2 and 4 a t  Mach numbers of 3 and 5 .  - 
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a. .a. .a. c 
.a a. .a. 
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a. a a 

Trailing-edge controls.- A ser ies  of th ree  s m a l l ,  f l a t ,  t r a i l i n g -  
edge controls w e r e  t e s t ed  i n  conjunction with model 2. The controls were 
attached along t h e  lower periphery of t h e  model base as shown i n  f i g -  
ure 5(a). 
the  controls are normal t o  t h e  body base and pos i t ive  when deflected 
downward ( i n t o  t h e  a i r  stream). 
model plan-form area was a r b i t r a r i l y  chosen as 0.25. 

The control  def lect ion angle, 6, i s  defined t o  be zero when 

The r a t i o  of control-surface area t o  

The measured pitching-moment coeff ic ients  f o r  various trail ing-edge 
control  def lect ion angles are presented i n  f igure  17. The incremental 
changes i n  pitching-moment and normal-force coef f ic ien ts  due t o  t h e  
presence of t h e  controls  are presented i n  f igure  18. The agreement 
between experiment and values estimated from impact theory (assuming 
zero pressure coef f ic ien t  on the upper surfaces of t h e  controls)  i s  
reasonably good o n l y  when t h e  l o c a l  angles of a t tack  of t h e  controls are 
la rge .  A somewhat b e t t e r  agreement i s  obtained if  t h e  pressure coeffi-  
c ien t  on t h e  upper surface of t h e  controls i s  assumed t o  be equal t o  
-1/%2. 

A set of two similar trailing-edge controls  was t e s t e d  with model 4 
The incremental changes i n  pitching-moment and normal- ( see  f i g .  5(b)). 

force coef f ic ien ts  f o r  t h i s  configuration a re  presented i n  f igure  19. 

It should be pointed out here tha t  trail ing-edge controls when used 
with hypersonic vehicles at moderate t o  la rge  angles of a t tack  can be 
def lected t o  c rea te  negative increments of pi tching moment but  s ign i f icant  
pos i t ive  increments are not possible since t h e  upper surfaces of t h e  con- 
t r o l s  are shielded from t h e  flow and therefore are r e i a t ive ly  ineffect ive.  
A discussion of t h e  general problem of longi tudinal  s t a b i l i t y  and control 
of hypersonic g l ide  vehicles w i l l  be deferred t o  a l a t e r  sect ion of t h i s  
report  (appendix B) . 

Tip controls .- 
shown i n  f igure  5(b 
( 6  = 0') posi t ions.  

The ro ta tab le  t i p  controls,  mounted on model 4 as 
) , w e r e  t e s t ed  i n  the v e r t i c a l  (6  = 90') and horizontal  

The measured l a t e r a l  s t a b i l i t y  der ivat ives  a re  pre- 
(The body-alone results presented i n  f i g .  20 were sented i n  figure 20. 

obtained by f a i r i n g  l i n e s  through t h e  data of f i g .  l 3 ( g ) . )  
are estimated values obtained by adding t o  t h e  experimental data  f o r  t h e  
bas ic  body t h e  calculated results derived by impact theory f o r  t he  con- 
t r o l s  alone. Large increases i n  CnP due t o  t h e  presence of t he  controls 
w e r e  obtained f o r  both t h e  horizontal  and v e r t i c a l  posi t ion of these con- 
t r o l s .  I n  t h e  horizontal  posi t ion t h i s  increase i s  due t o  changes with 
P of t h e  ra ther  l a rge  drag forces acting a t  t h e  blunt  leading edges of 
t h e  controls .  

Also presented 

These controls  at angles of rotat ion of 0' and 90' contribute l i t t l e  
t o  Czp. 
and indica te  t h a t  l a rge  contributions of  
of 8 between 0' and 90'. 

Theoretical  r e s u l t s  fo r  controls alone a re  presented i n  figure 21 

C z p  could be expected a t  values 

c 
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Upper surface v e r t i c a l  s tab i l izer . -  The dorsal  f i n  shown i n  figure 5 ( c )  
w a s  t e s t ed  with model 4 i n  order t o  provide some information regarding t h e  
manner i n  which the  body shields  the  region near t h e  upper surface and 
thus alters the  effectiveness of upper surface s t ab i l i ze r s .  The lateral  
s t a b i l i t y  derivatives,  measured at Mach numbers of 3 and 5 and angles of 
a t tack  of 0' and 149 are presented i n  f igure 22 and compared with t h e  
r e su l t s  f o r  t he  basic  body shape (model 4 without dorsal  f i n ) .  
experimental data obtained at an angle of a t tack  of 14' ind ica te  t h a t  
t h i s  ve r t i ca l  surface r e t a ins  a considerable amount of effect iveness  at  
a Mach number of 3, but v i r t u a l l y  all of t h e  effectiveness i s  l o s t  as t h e  
Mach number i s  increased t o  5. This resu l t  indicates  t h a t  control  sur- 
faces can be considered t o  be  ineffect ive f o r  Mach numbers grea te r  than 
about 5 i f  located i n  the  shadow of the  body ( i .e . ,  shielded from t h e  
oncoming f l o w ) .  

The 

CONCLUDING RFSIARKS 

The measured aerodynamic charac te r i s t ics  for a se r i e s  of four  simple 

Reasonably good agreement between experi- 
body shapes have been presented together with the  results of a ra ther  
l imited control  surface study. 
ment and values estimated from simple impact theory was obtained at  a 
Mach number of 5. 

The aerodynamic performance at transonic and subsonic speeds de te r i -  
o ra tes  as a r e s u l t  of t h e  very large base-drag e f f ec t s  associated with 
vehicles of t he  type considered here (vehicles  having r e l a t ive ly  la rge  
r a t i o s  of base area t o  plan-form area) .  It i s  probable, however, t h a t  
much could be done t o  a l l e v i a t e  the  base-area e f f ec t  a t  low speeds. 
instance,  t h e  shape of  t he  upper surface i s  r e l a t ive ly  unimportant at 
high angles of a t tack  and hypersonic speeds, and consequently t h e  upper 
surface could w e l l  be designed from low-speed considerations,  pa r t i cu la r ly  
with regard t o  reducing base-drag e f f e c t s .  It a lso  appears desirable  
from trim and s t a t i c - s t a b i l i t y  considerations t o  shape t h e  lower surface 
by means of a ce r t a in  amount of longi tudinal  curvature (see discussion 
i n  appendix B ) ,  a process which a l so  could be used t o  advantage i n  
reducing t h e  base area.  

For 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  C a l i f . ,  Nov. 5 ,  1959 
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APPENDIX A 

c 
CONVENIENT RELATIONSHIPS FOR USE I N  THE 

APPLICATION OF IMPACT THEOHY 

It i s  well known, of course, t h a t  Newtonian impact theory has wide 
application at hypersonic speeds f o r  estimating forces on three-dimensional 
shapes. I n  the present report reasonably good agreement between theoret i -  
c a l  and experimental r e s u l t s  was obtained, not only with regard t o  forces 
but also with regard t o  various s t a b i l i t y  derivatives.  
i s  extremely a t t r a c t i v e  because of i t s  simplicity and since the  impact 
theory has wide application, at least f o r  qua l i ta t ive  estimates of aero- 
dynamic properties of simple body shapes a t  hypervelocities, it appears 
worthwhile t o  present here various convenient re la t ionships  f o r  use i n  
applications of t he  theory. 

A 
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Since impact theory 

The suggested refinements of impact theory, i n  par t icu lar ,  inclusion 
of centrifugal forces (see,  e.g., r e f .  lo), a re  not considered here. 
detai led discussion of hypersonic flows and various hypersonic approxima- 
t i o n s  may be found i n  references 10 and 11. 

A 

General Relationships f o r  Arbitrary Bodies 

Consider a body having a coordinate system as shown i n  sketch ( a ) .  
The free-stream velocity vector i s  oriented so t h a t  t h e  body i s  a t  
r e l a t i v e  angles of attack,’ a, and of s ides l ip ,  P .  It i s  convenient t o  
represent the free-stream velocity and the  u n i t ,  outer  normal at  t h e  body 
surface by the vector quant i t ies  

- 
V, = v,(T cos a cos P - 5  s i n  a + T ;  s i n  a cos P )  

- 
n = i cos(nx) +3 cos(ny) +i; cos(nz) 

- - -  
where i, j, k a r e  un i t  vectors directed along t h e  x, y, z axes and 
cos(nx),  cos(ny), cos(nz) a re  direct ion cosines (components of t h e  uni t  
outer normal i n  the x, y, z d i r ec t ions ) .  

The pressure coefficient a t  t he  body surface i s  given by 

l I n  t h i s  section of the report t he  quant i t ies  a and P a re  expressed b 
i n  radians. 
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outer normal 
( X I ,  Y,, 2 )  

Sketch (a) 

(v, .ii) 
VW2 

cp = 2 

= 2[ cos2(nx)cosZa C O S ~ P  + cos2(ny)sin2P + cosZ(nz) sinzu cos2p 

-2 cos(nx)cos(ny)cos a cos 13 sin P -  2 cos(ny)cos(nz)sin a sin 13 cos p 

+2 cos(nx)cos(nz)cos a sin a cos2P] (A3)  

The particular quantities useful for our  purposes are as follows: 

(ep) p=o = 2[cos~(m)cos~u+ cos2(nz)sinZu+ 2 cos(m)cos(nz)cos 01 sin a] 

(A4) 



............... . . 0.. 0 .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
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= -4[~os(nx)cos(ny)cos a+ cos(ny)cos(nz)sin a3 (A5)  

The pressure coefficient and derivative (eqs . (Ab)  and ( A 5 )  ) a r e  assumed 
t o  be zero a t  a l l  body surfaces shielded from the  flow. See sketch ( b ) .  

Z 

t 

c 

\ I  

Sketch ( b )  

Force coefficients.-  The force vector resul t ing from flow impact on 
the  surface element ds i s  

- 2- - - 
F = -p,(V,.n) n ds 

and t h e  force coeff ic ients  a r e  defined as 



4 

0. 0.. 
0 . 0  . . 0 .  

0. *os .e . . w *.* .... . 
0 . -  e 
0. 0.. 0. 

where the  pressure coeff ic ient  i s  given by equation 
reference area, and the  shielded region (see sketch (b ) )  i s  t o  be 
excluded from the  surface integration. When f l a t  surfaces a re  involved, 
the direct ion consines a re  easily obtained i f  the  un i t  normal i s  resolved 
in to  components pa ra l l e l  t o  the  x, y7  z axes. If the  body shape can 
be expressed analyt ical ly  i n  the  form Z = Z(x,y), it i s  convenient t o  
r e l a t e  the surface element of area t o  the  projected area i n  the 

A h ) ,  A i s  the 

x, y 
Plane 7 

with the  integrations performed along posi t ive direct ions.  I n  t h i s  case 
the  direct ion cosines f o r  the upper surface are defined as  

and f o r  the  lower surfaces the signs a re  reversed, 

Moment coeff ic ients  and l a t e r a l  s t a b i l i t y  derivatives.-  I f  the  moment 
reference center i s  taken a t  the  origin (O,O,O), the  moment coeff ic ients  
(see sketch (a)) are  given by 

C1 = L J [ y  bA cos(nz) - Z cos(ny)]Cpds 

% = L$[2 cA cos(nx) - x cos(nz)]Cpds 

Cn = L J [ x  bA cos(ny) - y  cos(nx)]Cpds (A13 1 

The various l a t e r a l  s t a b i l i t y  derivatives of i n t e re s t  here a re  as 
follows 7 

(-3, = 
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where the  subscript P denotes d i f fe ren t ia t ion  with respect t o  8 .  I n  
the  above equations 
area, b and c a re  reference lengths, and the  region of surface integrat ion 
excludes the shielded portion. 

Z(x,y) represents t he  body shape, A i s  a reference 

Smooth Bodies Possessing Lateral  Symmetry, P = 0 

A 
2 
5 
9 

I n  the case of smooth bodies possessing l a t e r a l  symmetry a t  
it i s  suff ic ient  t o  consider only the  right-hand portion of t he  body 
(posi t ive y). 
where the distances have been normalized by dividing by the body length 
The body shape i s  assumed t o  be given by the  expressions (posi t ive 

P = 0, 

It i s  also convenient t o  use a coordinate system ( E , q , ( )  
2 .  

only) 7 

z, = Z,(E,d 

ZL = Z L ( E , d  
d 

where the subscripts U and L a r e  used t o  designate upper and lower sur- 
face quantit ies , respectively.  

The axial- and normal-force coeff ic ients  a r e  given by 

where K1 
t o  body length squared, 

i s  the r a t i o  of reference area (plan-form area,  f o r  instance) 
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* The upper surface l a t e r a l  integrat ion extends from 
obtained from solution of 

q*(E), which is  

- -  - t a n  a azU 
3s 

t o  the  l a t e r a l  extremity of t he  plan form, qs(5). 

The pitching-moment coeff ic ient  f o r  t h e  moment reference center at  
(O,O,O) and based on reference length 2 i s  given by 
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4 

(A20 
and the  l a t e r a l  s t a b i l i t y  derivatives (evaluated a t  j3 = 0) a re  given by 

where K1 is  defined by equation (Al9) and K2 by 

where the reference length b 
configuration. 

i s  usually taken as the  span of t he  
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I n  the  above equations Cp and Cpp are t o  be obtained by use of 
equations (Ah) and (A=j), and t h e  d i rec t ion  cosines, from equations (Ag) 
and ( A l O )  . . 

E l l i p t i c  Cones 

A s  an exmple of t h e  use of t h e  foregoing equations and of t h e i r  
use i n  t h e  present report ,  the  general re la t ionships  have been used t o  
obtain t h e  impact forces  and moments ac t ing  on a family of e l l i p t i c  

Moment center t’ 

b/2 x = T ,  p =  b 

Sketch ( c )  

cones (sketch ( c ) )  . 
as follows: 

The surface ordinates  a re ,  f o r  convenience, expressed 

When t a n  CL > p / h ,  t h e  upper surface i s  shielded i n  t h e  region 
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The force,  moment, and l a t e r a l  s t a b i l i t y  der ivat ives  (defined i n  the  
same manner as  i n  the  Notation sect ion of t h i s  report ,  except t h a t  t he  

!3 i s  measured i n  radians) are as follows: 
moment reference center  i s  taken a t  t h e  apex ra ther  than at  0.6 2 2  and b 
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r 

where 

2ct cos2a+ f 2  - sin a cos a+ 1-L2 
h 2 k J E  h 

6, cos a + f 6 s i n  a cyp = - - ) h2- 1 

f, = s t -  tanlC s* 
1 - s e  

f, = .(. - j F )  + 

cos a + f 7 s i n  a ) 
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and 

P s* = 0 for t a n  a < -  
h 

P f o r  t a n  a > -  h 
s* = 

A2tan2a 

The above equations f o r  force and moment coeff ic ients  cannot be 
appl ied d i r e c t l y  for cones ( A  = 1). Letting h -. 1 r e s u l t s  i n  the  
following: 

CN = - (p2g2cos2a + yg3sin a cos a + g4sin2a) 
1 + p 2  

(2 pg,cos a+ &sin  a ) - -  
3 0  + P2) 

CYp - 

czp = 0 

where 

g4 = .+(l - $ .*2) 
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3 

and 

gs = a+ s*-- sin-ls* 

g, = s*3 

21 

s* = 0 f o r  t am a < p 

f o r  t a n  a > p P2 

It should be mentioned t h a t  t h e  undersurface forces  and moments f o r  cones 
or e l l i p t i c  cones can be obtained by simply s e t t i n g  
results. 
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s* = 1 i n  t h e  above 

Various calculated results a r e  presented i n  f igu re  23. (The e f fec t s  
9 

of skin f r i c t i o n  and base pressure on axial  force have not been considered 
here. ) 
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APPENDIX B 

SOME REMARKS ON THE LONGITUDINAL STABILITY AND 

CONTROL OF HYPERSONIC GLIDE VEHICLES 

AT HIGH ANGLES OF ATTACK 

e 

4 

Consider a hypersonic glide vehicle operating a t  suf f ic ien t ly  high 
angles of a t tack t h a t  t he  upper surface i s  completely shielded from the  
flow (sketch ( d ) ) .  
a thick, blunt d e l t a  wing) and a trailing-edge f l ap .  

The vehicle i s  assumed t o  consist  of a body (such as 
I f  Newtonian impact 

Sketch (d)  

theory i s  assumed t o  hold, t he  forces act ing on the  body and the f l ap  
may be considered separately, as indicated i n  sketch (d)  where sub- 
s c r i p t s  1 r e f e r  t o  the main body and subscripts 2 r e f e r  t o  the  
trailing-edge control.  
a r e  represented by CN,S1% and c~,S,q, where CN, and CN, a r e  normal- 
force coefficients based on projected (plan form) areas 
respectively . 

The normal forces act ing a t  t h e  lower surfaces 

S1 and S2, 

If it i s  assumed t h a t  the l o c a l  angles of a t tack  al and a2 a re  
perturbed by t h e  amount 
the  center-of-gravity locat ion xcg i s  given by 

E ,  t he  r a t e  of change of pi tching moment about 

b 
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where quant i t ies  of  the order 
and C N ~ ,  Cg2 a re  functions of al+f and %+E, respectively. The 
pitching-moment coeff ic ient  Cmcg is defined as the  moment a t  xcg 
normalized with respect t o  b S Z  where S i s  a reference area and 2 
a reference length. 
as  E -, 0 and, f o r  simplicity of notation, define ( a ~ c g / a c ) E + O  
simply a(&,,/hu. Then, the trim and the s t a t i c  longitudinal s t a b i l i t y  
requirements involve the  simultaneous consideration of the following two 

hx&h, ax2/& are  assumed t o  be negligible 

It is  convenient t o  consider t he  above relat ionship 
as 

A 
2 equations, 

2 
- 

3 

If the  trim requirement i s  sa t i s f i ed  (eq. (Bl)), a negative quantity 
aC,,,/aa (which i s  required f o r  s t a t i c  s t a b i l i t y )  i s  obtained f o r  bodies 
having trailing-edge controls i f  is l e s s  than al. For example, 
consider a f l a t -p l a t e  body and f la t -p la te  trailing-edge control f o r  which 
the  curves presented i n  figures 24 and 25 are  applicable. 
var ia t ion  of (~C&L)/CN with a leads t o  a negative r e su l t  f o r  equa- 
t i o n  (B2) i f  u2 i s  l e s s  than al. It i s  in te res t ing  t o  note t h a t ,  f o r  
a given a1 and (x2 - xcg) (S2/S1) , b%,,/au var ies  with a2 i n  such a 
maaner as t o  a t t a i n  a maximum absolute value i n  the  neighborhood of  
2a2 = al. Specifically,  t he  m a x i m u m  absolute value f o r  a(&,,/& occurs 
when a2 i s  chosen so  tha t  the following relationship holds, 

\ 

The inverse 

If both the  body and the control are f l a t  plates ,  then by means of 
Newtonian impact theory, equation (B3) i s  reduced t o  

c tn  a2- t a n  a2 = 2 c tn  al 

which becomes an obvious trigonometric i den t i ty  f o r  al = 2%. This 
r e s u l t  implies t h a t ,  for a given s t a t i c  margin and configuration angle 
of a t t ack  
a2 = (1/2)u1. (The center-of-gravity locat ion xcg i s  assumed t o  be 
t h a t  which s a t i s f i e s  the  trim requirement eq. (Bl).) 

a,  the  minimum control s i z e  required i s  obtained when 
4 - 
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The appropriate s i ze  and deflect ion angle f o r  t h e  trail ing-edge 
control may be estimated by f i r s t  assuming an angle of a t tack  u1 f o r  I 
t h e  body so tha t  a l l  quant i t ies  having subscripts 
constants. I f  a desired value f o r  a&,,/aa i s  then specif ied,  equa- 
t i o n  ( B 2 )  defines a unique relat ionship between (S,/S)(x,- xcg/Z) and a2 
which, i n  turn,  by v i r tue  of equation (Bl), spec i f ies  a value f o r  t he  
control s i ze  parameter (x2 - xCg/2) (s~/s,). 

1 may be t r ea t ed  as 

The above discussion involved a configuration f o r  which the  body, by 
i tself ,  i s  unstable. 
t r i m  and s t a b i l i t y .  
i n  sketch (e )  where an appreciable amount of longitudinal curvature i s  

The trail ing-edge control w a s  used t o  provide s t a t i c  
Consider next a hypersonic g l ide r  of t he  type shown 

Side view shown 

Sketch ( e )  

incorporated i n  t h e  lower surface ( t h e  vehicle i s  shown with v e r t i c a l  
symmetry f o r  s implici ty) .  
i n to  two regions (subscr ipts  1 and 2 ) .  
a re  ignored, the  equations given previously may be applied d i r ec t ly .  The 
undersurface shape may be chosen s o  t h a t  t he  vehicle i s  self-trimming and 
has the desired s t a t i c  margin at the  design angle of a t tack .  (Such a 
vehicle may be described a s  having s t ick- f ree  s t a b i l i t y  a t  t he  design 
angle of a t tack .  ) 

For convenience t h e  undersurface i s  divided 
If t h e  trail ing-edge controls  

The use of a cer ta in  amount of longi tudinal  curvature appears desir-  
able .  
be u s e d t o  advantage i n  reducing base a rea  so a s  t o  a l l e v i a t e  t he  la rge  
base drag e f fec ts  at low speeds. The upper surface shape i s  r e l a t ive ly  
unimportant a t  high angles of a t tack  and hypersonic speeds so t h a t  t he  
upper portion of the  configuration could well be designed from low speed 

It should a l so  be mentioned t h a t  t h e  reduction i n  t h e  v e r t i c a l  body 

I t  should be mentioned here t h a t  t h i s  type of body contouring could 

considerations, par t icu lar ly  with regard t o  reducing base drag e f fec ts .  b 
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. ordinates near the base, as illustrated in sketch (e), results in a 
forward shift of the center of pressure in pitch. This design procedure 
may be used to advantage in minimizing the center-of-pressure travel as 
the vehicle descends from hypersonic to subsonic Mach numbers. 

t 
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TABLE I.- BASE PRESSURE AND FORCE COEFFICIENTS A!I' LOW SPEEDS 

5.1 -.503 -231 

15.5 --576 .265 
0 -.416 .lgl 
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TABLE 11.- CENTERS OF PRESSURE AT LOW SPEEDS 
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(c) Pitching moment and lift-drag ratio 

Figure 6 - - Continued . 
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(C) Pitching moment and lift-drag ratio. 

Figure 8. - Cant inued . 
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Figure 23. - Continued . . 
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(c) Pitching moment about apex 

Figure 23.- Continued. 
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Figure 23. - Continued. 
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ERRA!TA 

NASA TECHNICAL MEMORANDUM X-162 

By John Bo McDevitt and John V I  Rakich 
March 1960 

Page 57, f igure 10(b): 

The ordinate scale  should read 0, -05, .1, etc., instead of 
0, -04,' .08, etc.  

Page 60, f igure lo (e> ;  

The ordinate scale  should read 0, -5 ,  1.0, etc., instead of 
0,  k,  -8, etc. 


